The purpose of this study was 
Introduction
Pulmonary edema is a consistent feature of the lung pathology associated with respiratory distress after premature birth (1) (2) (3) (4) .
Previous studies have demonstrated the presence of abnormal lung epithelial protein leaks in both preterm infants (5) and lambs (6, 7) with severe respiratory distress. These protein leaks, which typically occur in terminal bronchioles (8) , give rise to fibrin clots ("hyaline membranes") in the distal airspaces. There is also histological evidence of microvascular injury in the lungs of infants (9, 10) and lambs (3) that die of respiratory failure after premature birth, but previous physiological studies have failed to document the presence of lung endothelial injury in this condition (4, 11, 12) .
Normand et al. (11) measured lung lymph flow before and after birth in anesthetized lambs and found that the postnatal increase in lymph flow was less in preterm animals with surfactant deficiency than it was in lambs with mature lungs. They interpreted this attenuated postnatal lymphatic response as a sign of liquid retention within the lungs secondary to abnormal surface tension. These studies lasted only 2 h after birth, and subsequent experiments of a similar nature, but of longer duration, showed that lymph flow increased between 2 and 4 h after birth in preterm lambs, whereas it decreased during the same interval in mature lambs (12) . Nevertheless, there was no significant difference between the two groups of lambs with respect to net lymph protein clearance over the entire 4-h period.
Sundell et al. (4) used a multiple indicator dilution method to estimate postnatal changes in extravascular lung water and pulmonary vascular permeability-surface area in lambs with respiratory distress after premature birth by cesarean section. Results were compared to data obtained from studies conducted with more mature lambs that did not have lung disease. Extravascular lung water was greater in lambs that had hyaline membrane disease than it was in control lambs. The estimated permeability-surface area product was significantly less in the distressed lambs than it was in the lambs without lung disease, a finding that these investigators attributed to decreased lung vascular surface area, presumably from "derecruitment" of portions of the pulmonary microcirculation in edematous and hypoxic areas of the lungs. Thus, despite the presence of protein-rich pulmonary edema and abnormal epithelial permeability in both lambs and humans that are born too soon, previous physiological studies have not demonstrated the presence of lung endothelial injury in respiratory distress after premature birth.
Because the pulmonary pathology of hyaline membrane disease evolves over a period of several hours after birth (13) , we considered the possibility that a longer postnatal period of observation might provide a more reliable means of assessing differences in lung vascular protein permeability in preterm lambs with and without respiratory distress. We therefore extended the period of observation to 8 h after birth. We also thought that a chronic lymph fistula preparation would make it easier to distinguish lung liquid and protein leaks that occur as a result of acute surgery from liquid and protein leaks associated with lung injury after premature birth. Thus, we allowed several days for the fetuses to recover from surgery before studying them.
In preterm lambs with lung disease, there was a threefold increase in lung lymph flow and lymph protein flow, and an even greater increase in pleural liquid drainage during the postnatal period of observation. In preterm lambs without lung disease, lymph flow and protein flow were either near or below fetal values by 6-8 h after birth, and there was little or no pleural liquid drainage. These findings indicate that abnormal leakage of protein-rich liquid from the pulmonary microcirculation into the interstitium is an important feature in the pathogenesis of respiratory distress after premature birth.
Methods
Surgical preparation. We surgically prepared fetal lambs, all single-sheep were mated on a specific day to allow precise assessment of gestational age. On the day of surgery, the ewes underwent spinal anesthesia with 1% tetracaine, supplemented with intravenous ketamine. As previously described (14), we opened the uterus through a midline abdominal incision, injected 1% xylocaine subcutaneously into a fetal hindlimb, and threaded polyvinyl catheters through an artery and vein into the fetal aorta and vena cava. Through a second uterine incision, we gave the fetus intramuscular ketamine and performed a right thoracotomy for placement of a catheter in the outflow duct of the caudal mediastinal lymph node, which in lambs receives one-half to two-thirds oftotal lung lymph (14, 15 Another catheter was sutured to the outside of the chest, with its tip in the amniotic cavity, to provide a zero reference for subsequent vascular pressure measurements. We closed both thoracotomies with heavy silk sutures and tunneled the catheters through the uterine and abdominal incisions, which were doubly oversewn to prevent fluid leakage. We injected penicillin and kanamycin into the amniotic cavity (1,000,000 U of penicillin and 400 mg ofkanamycin) and fetal vein (300,000 U of penicillin and 30 mg of kanamycin) at the time of surgery and daily thereafter. The ewes also received 5 ml of a mixture of penicillin and dihydrostreptomycin (Combiotic, 200,000 U/ml ofprocaine penicillin G and 250 mg/ml of dihydrostreptomycin sulfate; Pfizer Inc., New York) and 600 mg kanamycin i.m. each day.
Experimental design. Experiments took place between 3 and 7 d after surgery, when the fetuses were healthy, as assessed by normal arterial blood gas tensions and pH measurements, and when their lymph was free ofvisible blood. With one exception (a lamb that died 4 h after birth), studies lasted a total of 10-12 h: a 2-4 h period of steady-state fetal measurements, followed by cesarean section under spinal anesthesia (1% tetracaine), and a 7-8 h period of measurements made during mechanical ventilation of the newborn lamb. We measured vascular, pleural, amniotic (for the in utero portion ofthe study), and airway (for the neonatal portion of the study) pressures (34-37°C) and humidified with an in-line servo-controlled heater (Concha Therm III, model 380-80; Respiratory Care Inc., Arlington Heights, IL). Ventilator settings were: frequency 60/min, inspiratory time 0.3 s, gas flow rate 10-15 liters/min, end-expiratory pressure 3-4 Torr, and peak inflation pressure sufficient to move the chest and ventilate the lungs, as assessed by measurement of arterial blood gas tensions and pH. Immediately after birth, we reconnected the vascular and pleural catheters to their respective transducers and measured airway pressures from a T-piece inserted in the proximal end of the endotracheal tube.
We gave the animals intravenous morphine sulfate and pancuronium bromide (Pavulon, 1 mg/ml; Organon, Inc., West Orange, NJ), each at a dose of 0.1 mg/kg body wt every 3-4 h, to minimize discomfort and to facilitate ventilatory control. The lambs rested on a canvas sling beneath a radiant warmer (mobile infant warmer model MW78 IN; Air Shields, Hatboro, PA) and heating lamp, which were adjusted to maintain body temperature at -38°C (normal for a lamb). They received a continuous intravenous infusion of a warm solution containing sodium chloride (1 13 meq/liter), glucose (1 1.25 g/liter), and sodium bicarbonate (25 meq/liter) at an hourly rate of 10 ml/kg body wt, and they also received penicillin (100,000 U/kg) and gentamicin (2.5 mg/kg) intravenously. We measured vascular, pleural, and airway pressures continuously, and collected samples of lymph and pleural liquid at 30-min intervals. In two lambs, the pulmonary artery catheter did not function after birth, and we therefore inserted a Swan-Ganz catheter through the jugular vein into the pulmonary artery using 1% xylocaine local anesthesia. Measurements were recorded every 30 min, and data from four consecutive 30-min intervals were averaged for statistical comparison between lambs with and without lung disease and between time periods before and after birth.
From six lambs, three with and three without lung disease, we obtained samples of blood for total white cell and granulocyte counts during the 2 h immediately before and after birth, and the 2 h before death. White cell counts were measured with a Coulter counter (Coulter Electronics, Hialeah, FL) and granulocyte counts were determined from Wright's stained blood smears.
Postmortem studies. After 7-8 h (4 h in one animal) of mechanical ventilation, we intravenously injected pentobarbital sodium, 30 mg/kg body wt, rapidly split the sternum, aspirated blood from the heart, and clamped both hili at the prevailing peak airway pressure. We froze a piece of inflated lung in liquid nitrogen for subsequent microscopy and homogenized the remaining tissue for measurement of its blood and extravascular water content by a modification (19) of the method described by Pearce et al. (20) .
Analytical methods. We centrifuged samples of lymph, blood, and pleural liquid, and measured the concentration of protein in the supernatant liquids by the biuret method (21) . Cellulose acetate electrophoresis (Microzone 110; Beckman Instruments, Inc., Fullerton, CA) separated the protein fractions and allowed quantification of albumin and globulin. We measured the pH and partial pressures of02 and CO2 in arterial blood on a blood gas analyzer (model 158; Corning Medical, Medfield, MA), with appropriate corrections for the prevailing body temperature.
Statistical analysis. Results in the text and tables are expressed as the mean± 1 SD. We used two-way analysis of variance to compare measurements made during the 2-h period before birth with measurements obtained during the 2 h immediately after birth and the 2 h before death. If analysis of variance showed a significant difference, P < 0.05, we then used the Fisher least significant difference test to compare data obtained during the specific time intervals (22). We applied Student's t test for unpaired samples to compare data obtained from lambs that had lung disease vs. those that did not. For all statistical analyses, we regarded as significant those differences that were supported by a P value of < 0.05. (Table III) . Vascular pressures did not change significantly after birth in the four lambs with normal lung function, but the lymph/plasma protein concentration ratio decreased significantly in these lambs, perhaps the result ofa shift ofprotein-poor liquid from the lung lumen into the interstitium. The only significant differences between the two groups of lambs during the first 2 h after birth were the lower pH and higher Paco2 values in lambs that subsequently died of respiratory failure (Table IV) . Differences in peak inflation pressure (P = 0.06) and hematocrit (P = 0.09) between the two groups also approached statistical significance. Progressive acidosis and hypoxemia in lambs with lung disease led to increased ventilatory demands (higher peak inflation and mean airway pressures) during the last 2 h of study (Table V) . Lambs with respiratory distress also had lower systemic arterial pressures and plasma protein concentrations than did lambs without lung disease (Figs. 1 and 2, Table VI), despite the fact that all lambs received the same volume of intravenous fluid per kilogram body weight. Hematocrit values also were higher in the lambs that had respiratory distress (Table V, P = 0.05).
Results
There was a sustained threefold increase in lung lymph flow and lymph protein flow (calculated as lymph flow X lymph protein concentration/plasma protein concentration) from birth until death in lambs with respiratory failure, whereas lymph flow and lymph protein flow were not significantly different from prenatal values by the end of the study in lambs without lung disease (Table VI) . During the final 2-h interval, the concentration of protein in lymph relative to that in plasma averaged 0.75±0.24 in lambs with respiratory failure, compared to 0.48±0.03 in lambs with no lung disease (P = 0.06). There were no significant differences in lymph or plasma albumin/globulin ratios between lambs with and without respiratory distress during any 2-h time interval (data not shown).
Pleural liquid drainage occurred in all six lambs with lung disease, and the protein concentration of this liquid (1.99±0.53 g/dl) was similar to that measured in lung lymph (1.88±0.42 g/dl). The volume of pleural liquid collected hourly from these lambs averaged 6.75±4.85 ml, which was (Table VII) . The pattern of change in white cell numbers after birth was not significantly different for lambs with and without lung disease.
Postmortem measurement of extravascular lung water averaged 7.32±0.82 g/g dry lung tissue in lambs that died with respiratory failure, compared to 4.77±0.45 g/g in lambs without lung disease (P < 0.001). The latter value is only slightly greater than the amount of extravascular water measured in lungs of lambs born vaginally near term (14). Light microscopy confirmed the presence of protein-rich edema in lungs of lambs that died with respiratory failure (Fig. 3) .
Discussion
Pulmonary lymph flow and lymph protein flow before birth.
Measurement of pulmonary lymph flow under steady-state conditions is a useful means ofassessing net filtration ofliquid from the microcirculation into the interstitium of the lungs in healthy newborn and adult sheep (23, 24). In fetal sheep, however, lung lymph flow accounts for only a small fraction ofnet liquid filtration, as most ofthe liquid that flows out ofthe fetal pulmonary circulation passes directly into potential air spaces because of active secretion of chloride ion across the lung epithelium (25). In lambs near term, hourly secretion of liquid into the lung lumen averages 4-5 ml/kg body wt (26) , whereas hourly lung lymph flow averages 0.39 ml/kg body weight (14). In our 10 preterm lambs, pulmonary lymph flow averaged 0.45±0.20 (ml/h)/kg body wt during the 2-h steady-state period before birth. Thus, changes in lung maturation that occur in fetal lambs late in gestation are not associated with an appreciable change in pulmonary lymph flow.
Whereas lung lymph flow constitutes only a small fraction of the liquid that flows out of the pulmonary microcirculation in fetal lambs, lymph protein clearance closely reflects net transvascular protein movement, as liquid collected from the lung lumen contains < 0.3 mg/ml of protein (27) . Lymph protein clearance before birth in our 10 preterm lambs averaged 0.33±0.15 (ml/h)/kg body wt, compared to an average of 0.31 (ml/h)/kg body wt in lambs that we previously studied late in gestation (14) . The ratio of albumin concentration to globulin concentration in lymph relative to the same ratio in plasma is an index ofdifferential protein sieving in the pulmonary microcirculation (28). This ratio averaged 1.53±0.31 before birth in our preterm lambs, compared to 1.57±0.38 in our previous studies of more mature lambs. These findings suggest that lung vascular permeability to protein is similar in preterm and term fetal lambs studied under comparable steady-state conditions.
Liquid andprotein clearance through lung lymphatics. This investigation focused on perinatal changes in lung fluid balance of preterm lambs delivered by cesarean section. One of our goals was to see if there might be differences in lung liquid clearance and associated respiratory function associated with lung maturation. Compared to previous studies done with lambs that were born vaginally close to term (14), we expected that the absence of labor would lengthen the duration of lung liquid clearance and possibly accentuate the lymphatic component of this process. We also thought that preterm lambs with incomplete lung development might show evidence of pulmonary microvascular injury and edema. Earlier studies had shown that postnatal lung lymph flow and lymph protein clearance were less in preterm lambs than in mature lambs, but these were acute experiments that lasted only 2 h, during which the placental circulation was intact (11, 15) . As lung liquid clearance normally requires more than 2 h, we extended the postnatal period of observation to 6-8 h in order to assess liquid and protein dynamics in the pulmonary circulation beyond the anticipated period of luminal liquid absorption. 6 of 10 lambs suffered progressive respiratory failure after birth; If we also assume that we were collecting onehalf of total lung lymph, a conservative estimate according to previous measurements of the thoracic duct component of lung lymph (15), which is what we collect, then the postnatal increase in lymph flow for these four lambs averaged 2.34 ml of liquid/kg body wt. Postmortem extravascular lung water content in these same animals was 4.8 g/g dry lung (dry lung wt was 10.4 g), compared to 12.3 g/g dry lung in normal fetal lambs without labor (14). From these figures, we calculate that our four lambs without respiratory distress shed -78 ml of water, or 24.7 ml/kg body wt from their lungs after birth. Thus, our results indicate that in healthy preterm lambs, as in mature lambs (14), pulmonary lymphatics drain -10% ofthe residual liquid in the lungs at birth. Lung lymph protein drainage (lung lymph flow X lymph protein concentration/plasma protein concentration) increased in all 10 preterm lambs during the first 2 h after birth. In contrast, previous studies of a similar nature, conducted with more mature lambs that were born vaginally, showed no significant postnatal increase in lymph protein clearance (14). There are several possible explanations for this difference. First, newborn lambs that are born prematurely have higher lung vascular pressures and lower plasma protein osmotic pressures than term lambs have. There is also evidence that alveolar liquid pressure, which approximates perimicrovascular interstitial pressure (29), may be less in preterm than in term lungs (30). These findings might account for greater transvascular filtration of fluid and bulk flow of protein into the lungs of the less mature animals. The lower lymph/plasma protein ratio observed soon after birth ofpreterm lambs, compared to term lambs, is consistent with this explanation. Another possibility is that pulmonary blood flow and microvascular surface area for fluid exchange may increase to a greater extent after premature birth by cesarean section than after vaginal birth close to term. This is an unlikely explanation, however, because of the high pulmonary vascular resistance and greater amount of liquid in the lungs of lambs that are born prematurely compared with those that are born at term (4) . A third possibility is that lung vascular protein permeability is greater immediately after birth in preterm lambs than it is in mature lambs, although previous investigators have not found evidence for this (1 1, 12, 15) . * Pao2 breathing 100% 02 * Significant difference compared to corresponding measurements made during 2 h before birth, P < 0.05 (airway pressures not compared to before birth). § Numbers are mean±SD. 11 Significant difference between values for lambs with and without respiratory distress, P < 0.05. ' Significant difference compared to corresponding measurements made during 2 h immediately after birth, P < 0.05.
Postnatal changes in the systemic circulation. After birth, plasma protein concentration decreased over time in the six preterm lambs that had respiratory distress. In part, this probably reflects the relatively large amount (10 mi/kg body wt) of intravenous fluid that the lambs received. These infusions were necessary to reduce the degree of hemoconcentration (progressive rise in hematocrit) and hypotension that often develop in lambs that are delivered prematurely. Some of the reduction in plasma protein concentration, particularly in the sicker animals, may have been the result ofa systemic vascular protein leak. The postnatal increase in hematocrit observed in some of the lambs, and the postmortem finding of ascites in some of the sicker animals, are consistent with the possibility that a generalized plasma protein leak may have contributed to the progressive hypoproteinemia that developed in the lambs that acquired severe lung disease. Loss of plasma from the circulation also may have contributed to the persistently low systemic blood pressure observed in these lambs. It is noteworthy that systemic arterial blood pressure increased after birth in the four lambs with normal lung function. Moreover, there was no significant postnatal decrease in plasma protein concentration in these animals. Thus, hypotension and hypoproteinemia, which often accompany severe respiratory distress in human infants (31, 32), may reflect abnormal leakage of plasma from the systemic circulation, similar to that which occurs in the lungs.
Lung microvascular injury in preterm lambs with respiratoryfailure. During the 2 h before death, lung lymph flow and lymph protein flow were significantly greater in lambs with lung disease than they were in lambs without lung disease. There was nearly a fourfold difference in lymph protein flow and an even greater difference in pleural liquid drainage between lambs with and without respiratory failure. The most plausible explanation for these differences is that lung vascular protein permeability was increased in the sicker animals. It is unlikely that pulmonary microvascular surface area was greater in the lambs that had severe lung disease, as previous studies by Sundell et al. (4) suggested that lung vascular surface area for fluid exchange is reduced in preterm lambs with respiratory distress, perhaps because of pulmonary vasoconstriction from hypoxia and edema. Increased filtration pressure in the pulmonary circulation also can influence the flow ofliquid and protein into the lungs, but such an effect should be associated with a reduction in lymph protein concentration relative to plasma protein concentration, which did not occur in the lambs with respiratory distress. Moreover, there were no significant differences in pulmonary arterial and left atrial pressures between the two groups ofanimals during the last 2 h of study. Thus, the results are most consistent with abnormal lung vascular protein permeability in the presence of a relatively high fluid filtration pressure, with secondary impairment of fetal lung liquid drainage and development of protein-rich pulmonary edema.
These findings are similar to those that have been described in the adult counterpart of respiratory distress syndrome after intravenous infusion of Escherichia coli endotoxin (33), microemboli (34), or oleic acid (35) . Our findings of protein-rich pleural effusions and lung edema in preterm lambs with respi- Previous studies have shown that intravenous injection of live bacteria (36) or bacterial toxin (33, 37) may cause an increase in lung lymph flow and lymph protein flow, similar to the changes that occurred after birth in six of our preterm lambs. It is unlikely, however, that infection led to the increase in lung vascular permeability of these lambs, as all sheep, including fetuses, received therapeutic doses of broad spectrum antibiotics from the time of surgery until death. Moreover, when the studies began all lambs were healthy, as assessed by normal arterial blood pH, Pao2, and Paco2, and there were no significant postnatal differences in white blood cell or granulocyte counts, heart rate, or body temperature between lambs with and without lung disease.
It is difficult to know how much of the lung microvascular injury in our lambs was the result of their underlying disease and how much may have been the result of therapeutic intervention. Mechanical ventilation with high inflation pressures and tidal volumes can cause abnormal protein leakage in the pulmonary circulation ofotherwise healthy animals (38, 39) . It is possible that preterm lambs with incomplete lung development are especially vulnerable to the stress of positive pressure breathing. In addition, several studies have shown that prolonged oxygen breathing may lead to lung microvascular injury in young lambs (40) (41) (42) Summary. We have shown that lambs with incomplete lung development after premature birth have a sustained threefold increase in lung lymph flow and lymph protein flow, and an even greater increase in pleural liquid drainage, indicative of severe pulmonary microvascular injury. These postnatal changes were associated with impaired respiratory gas exchange and acidosis, increased demands for ventilator support, a decrease in plasma protein concentration with an associated increase in hematocrit, and a persistently low systemic arterial blood pressure. Abnormal lung vascular protein permeability and pulmonary edema, are important features in the pathogenesis of respiratory distress after premature birth in lambs.
